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Introduction

A common feature of gas-solid reactions is that the overall process involves
several steps: (1) mass transfer of reactants and products from bulk gas phase
to the internal surface of the reacting solid particle; (2) diffusion of gaseous
reactants or products through the pores of a solid reactant; (3) adsorption

of gaseous reactants on solid reactant sites and desorption of reaction products
from solid surfaces; (4) the actual chemical reaction between the adsorbed

gas and solid.

In studying gas-solid reactants, we are concerned with these four phenomena

and other phenomena which affect the overall rate of reaction and performance
of industrial equipment in which these gas-solid reactions are carried out.
These other phenomena include: heat transfer, flow of gases and solids through
reactors, and changes in the solid structure, all of which affect the rate of
diffusion and surface area available for reaction. The reaction to be studied
is the reaction between carbon and carbon dioxide to form carbon monoxide.

This reaction is of importance for it is one of the prime reactions occurring
in coal gasifiers, and also it is a reaction on which there is data from other
investigations (1-17), Considerable discrepancy has been found for activation
energies which ranges from 48-86 kcal/mol and for reaction rate constants.

This can be explained by the somewhat oversimplified view of the mechanism which
was thought to be rate-controlling, and the simplification made in the corres-
ponding reaction rate models.

Gulbransen and Andrew (2) showed that the internal surface area of graphite
increased during reaction with carbon dioxide and oxygen, Walker et al. (3)
studied graphite rods for the possible correlations existing between reaction
rates and changes in surface area during reaction. They concluded that the
reaction develops new surface, to some extent, by enlarging the micropores

of the solid but principally by opening up pore volume not previously available
to reactant gas either because the capillaries were too small or because exist-
ing pores were unconnected. Surface area increased up to a point where rate of
production of new surface equalled the destruction of old surface, after which
surface area then continued to decrease. For the graphite-carbon dioxide
reaction, Petersen (4) found that observed rates were not simple functions of
the total available surface area as determined by low-temperature adsorptions
prior to reaction, as might be expected if the reaction was chemical-reaction
controlled.
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Turkgodan et al. (18) studied the pore characteristics of several carbons,
graphite, coke and charcoal. They concluded that about 1/2 of the volume is
located in micropores and therefore not available for reaction, Most of the
internal surface area was located in pores in the micropore range. The pore
volume, pore surface area, and effective diffusivity increased with conversion
during internal oxidation,

Dutta and Wen (16, 17) studied the reactivities of several raw coals and
chars. They noted a change in the actual pore structures of a few samples at
diFferent conversions from scanning electron micrographs. A rate equation
was proposed that incorporated the change of the relative available surface
area during reaction. No measurements of this change were made. A rate
expression, which includes the influence of a chemical and diffusion reaction
controlling mechanisms, is expressed

dxc
a - Sk G, (1) R
where:

X is the conversion of the solid

is the reaction rate constant
is the effectiveness factor
is the concentration of CO, in gas phase
CO2 2
t

C
S is the surface area available for reaction
k
n

is time

The effectiveness factor n is equal to the ratio of the reaction rate under
diffusion-controlled conditions to that which would occur if the concentration
of reactants were equal to the surface concentration. For a first order diffu-
sion-controlled reaction the influence of pore-diffusion is given by equation 2)
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where:

S is the specific surface

k is the reaction rate constant

re is the radius of the particle

De is the effective diffusivity

The effectiveness factor n is a function of the effective modulus, ¢, which
is dependent upon the effective diffusivity, D . The effective diffusivity
and the surface area available for reaction chsnge during the reaction,
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This may be expressed as

S

H

SO f \XC) 4)

De = Deo h () 5)
where S0 and Dg_ are the available surface area and effective diffusivity

at zero“ conversfon, and f(Xc) and n(X.) are functions of conversion, Xe- The
determination of these changing parameters and their influence on the

overall reaction rate is the objective of this research.

Effective Diffusivity

I. Theoretical Development of Model

Experimental determination of the effective diffusivity in coal is performed
in a packed bed of coal particles with a carrier gas flowing through the
bed. A pulse in the concentration of the adsorbate gas is introduced

at the inlet of the packed bed. The mass transfer characteristics of

the bed change the shape of the pulse as it passes through the bed. A
theoretical model describing the mass transfer in the bed is used to
relate the unsteady state concentration response in the bed effluent to
the original pulse input. By applying the model to the experimental data,
the parameters of the model are determined. The model describing the mass
transfer in the packed bed consists of unsteady state material balances

in the packed bed and the coal particles. Equations (6-14) describe the
mass transfer in the packed bed of particles and the boundary conditions.

Material balance on coal particle

2
3 23q _ 39
D¢ 3;% v oor 3t 6)

Relation between adsorbed concentration and concentration of surface
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Boundary c¢onditions
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Material balance on packed bed
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Boundary conditions

¢(z, 0) = C(r,,0) = g(r,0) =0 12}
c(o, t) = Co s(t) 13)
C(“” t) = 0 ]4)

I[I. Solution of the Model

Three alternative techniques for solution and subsequent parameter
estimation from the model are curve fitting in the time domain, curve
fitting in the Laplace or Fourier domain, and the method of moments.
Moments of the response curve resulting from a pulse input can be solved
analytically for the solution to the model in the Laplace domain. Para-
meter estimation is achieved by matching the measured moments with the
analytical expression for the moments. The method of moments was used in
this work because it does not require a numerical solution to the model and
because parameters estimation can be performed in the time domain. The
Laplace transform is applied to the time variable in the equations and
boundary conditions of the model. A system of coupled ordinary differential
equations is obtained after applying this transform. A theorem relating
the transformed solution to the absolute and central moments of time

domain solution is

n " =
M, = (-1)" lim - C (s, z) 15)
$+0 ds

The nth absolute moment is defined as:

) Mn
Mo R 16)
0
M= f " c(z, t)e St dt 17)
0
The nth central moment is defined by:
=1 N Hyn
TR f (t - D" clz, ) at, 18)
0

Applying equation 15) to the transformed solution of the model results
in the following equations for the first absolute and second central moments:
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These two equations relate the model parameters to the moments which can
be calculated from experimental data.

Experimental

WYODAK subbituminous coal, particle size 35 x 60, was used in the
experimental study. The experimental system consisted of a pulse reactor,
Figure 1, a flow type BET apparatus, Figure 2, and the chromatographic
apparatus, Figure 3. This allowed determinations of surface area and
effective diffusivity to be made in conjunction with reaction studies
without removing the sample.

Measurements of surface area and effective diffusivity were made on raw
coals. Surface area measurements were made by adsorbing carbon dioxide

at 195 K for 30 minutes. The single point BET method was used for evalua-
tion of the surface area. The raw coals were devolatilized by heating at
59C/min to a temperature of 800°C to produce a coal char. Changes in sur-
face area and effective diffusivity were again detgrmined. The coal char
was then partially reacted at a temperature of 800 C by injecting a known
volume of carbon dioxide. Changes in surface area and effective diffusi-
vity were again determined. This procedure was repeated until the conver-
sion of the carbon in the coal approached 1.0.

Results and Discussion

The devolatilization caused structural changes which are reflected in an
average weight loss of 41% of the initial weight, a decrease in the diffu-
sion coefficient, and an increase in total surface area. Table 1 gives
these changes for three WYODAK samples. The increase in surface area repre-
sents the opening of pores which were not accessible before devolatilization.
Walls closing off pores are devolatilized and small pores inaccessible to
the initial C0, adsorption are enlarged because of the evolution of volatile
material durina the heating, This new pore structure has a greater resis-
tance to diffusion, seen as a decrease in the diffusion coefficient. The
small pores and enlarged pore form a more complex network of voids within
the particles. The production of char by devolatilization causes an
increase in total available surface area and a decrease in the diffusion
coefficient,

The heterogeneous chemical reaction causes continuous changes in the pore
structure due to the consumption of carbon. Pore walls are being gasified
slowly as the reaction continues toward completion. The continually
changing internal structure affects the diffusion of gaseous reactants

and products to and from the active carbon sites within the particle.
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These phenomena may be described by examining Figure 4 which is a plot {
of the diffusion coefficient data for the three WYODAK samples measured ’
at various carbon conversions, The diffusion coefficient increases slowly

at low conversion and is somewhat stable during the mid-range of conversion,

but increases very quickly as the reaction nears completion. Overall the ‘
diffusion coefficient increases as carbon conversion inreases. These data i
can be correlated by

-5 = (0.06) exp (1.7 - Xc) 21)
r
c
which gave an index of determination of 0.88. Physically, the pore
structure after devolatilization consists of a small amount of void, charac-
teristic of the low diffusion coefficient which means that the resistance to
diffusion is substantial. During reaction these pores gradually enlarge due
to gasification of the carbon. Therefore as conversion increases the pore
volume or void increases resulting in less resistance to diffusion, which
is reflected by the increase in the diffusion coefficient. p

The COp-char reaction occurs at active carbon sites upon the coal char
surface. Thus the consumption of the reactant carbon will affect the total
surface area. The total surface area decreases for these WYQDAK samples
as the carbon conversion increases, Figure 5. As conversion goes toward
completion, pore walls which are measured as surface area are gasified

or consumed by the reaction causing a decrease in total surface area.

Figure 5 shows the specific surface area versus the carbon conversion.

The specific surface area first goes through a minimum at Tow carbon con-
versions and then a maximum as carbon conversion goes toward completion.
Mahajan and Walker (19) predicted the maximum in their qualitative descrip-
tion of the reaction process. Dutta and Wen (16) found that the reaction
rate reaches amaximum at a carbon conversion of approximately 0.2 for reac-
tions carried out at low temperatures. In an attempt to correlate this data
they assumed a reaction rate model, Equation 1), for the chemical controlled
regime. They incorporated into the model a proposed function of conversion
which describes changes in surface area.

a = 14100 X% exp (-8X) 22)

where a equals the specific surface area divided by the initial specific
surface area, Fitting the model to the reaction rate versus conversion
data the parameters of the proposed function were estimated by Dutta and
Wen (16). This function describing changes in specific surface area
exhibits a maximum at approximately the same conversion as our data.
At low temperatures where reaction rate is predominantly chemically
controlled, the maximum in the reaction rate vs. conversion data can be
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explained by the fact that the specific surface for chemical reaction
also goes through a maximum and this behavior of the specific area has
been experimentally confirmed. The problem with equation 22) is that it
predicts either a maximum or minimum for the value of a, but not both.

In a recent paper Bhatia and Perlmuter (20), using a random pore model,
have derived an expression for surface area as a function of conversion

dvl_ (1-¢ ) _
. 1-X ‘\/ 1- 0 ° 1n 1 -X , 23)
a = rc 3 s 2 1 rC

- et ° T ket

where L and € are the initial total pore length, surface area
to voluﬁe rgt1o afd porosity respect1ve1y This equation correlates
our data predicting both a minimum and maximum in values of specific
surface area, Figure 6,
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